Possible pseudogap behavior of electron doped high-temperature superconductors 
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We have measured the low-energy quasiparticle excitation spectrum of the electron doped high- 
temperature superconductors (HTS) Ndi.s5Ceo.i5Cu04_j / and Pri.ssCeo.isCuCU-y as a function 
of temperature and applied magnetic field using tunneling spectroscopy. At zero magnetic field, 
for these optimum doped samples no excitation gap is observed in the tunneling spectra above the 
transition temperature T c . In contrast, below T c for applied magnetic fields well above the resistively 
determined upper critical field, a clear excitation gap at the Fermi level is found which is comparable 
to the superconducting energy gap below T c . Possible interpretations of this observation are the 
existence of a normal state pseudogap in the electron doped HTS or the existence of a spatially 
non-uniform superconducting state. 

PACS numbers: 74.25.Dw, 74.25. Fy, 74.50.+r 



The existence of a pseudogap in hole doped high- 
temperature superconductors (HTS) has been estab- 
lished over the recent years. The physical origin of the 
pseudogap state, however, is still one of the most de- 
bated topics for HTS. For a recent experimental review 
see e. g. JjJ. In different types of experiments including 
tunneling spectroscopy it has been found that the pseu- 
dogap feature and the superconducting energy gap merge 
smoothly into each other at the critical temperature T c 
Pj [|> Fi [|> [§• Even more, from angle-resolved photoemis- 
sion experiments it has been suggested that the pseudo- 
gap has the same d^.^-symmetry as the superconduct- 
ing gap in the hole doped HTS [§, [§■ It has also been 
observed that the temperature T* associated with the ap- 
pearance of the pseudogap state roughly becomes equal 
to T c around optimum doping or in the slightly overdoped 
regime, but is considerably larger than T c in the under- 
doped regime. The evident question arising from these 
experimental observations is whether or not there is a re- 
lation between the physical origin of the superconducting 
gap and the pseudogap. Such a scenario has been pro- 
posed within theories involving so-called preformed pairs 
or at least dynamical pair correlations above T c . 

With respect to the different HTS materials, the hole 
doped system I^-zSr^CuO^ seems to be a special case. 
For this material, the behavior of the pseudogap has been 
reported to be different compared to the other hole doped 
HTS, e. g. the size of the pseudogap might be much larger 
than the superconducting gap g. However, the experi- 
mental situation is not well settled and more experiments 
are needed to further clarify this point. For the electron 
doped HTS of the class Ln 2 - x Ce x Cu04 (Ln = Nd, Pr) 
with T" structure, up to now no low-energy spectroscopic 
experiments probing the pseudogap state have been re- 
ported. There is no doubt that experiments on electron 
doped HTS are important and highly desired with re- 



gard to the question whether hole and electron doped 
HTS have the same underlying mechanism of supercon- 
ductivity and the pseudogap state. Furthermore, con- 
troversial experimental results on the symmetry of the 
superconducting order parameter in the electron doped 
HTS have been published recently g @. That 
is, both the symmetry of the order parameter and the 
question whether there is a normal state pseudogap are 
under discussion for electron doped HTS. 

In this Letter, we report on the measurement of the 
tunneling spectra in superconductor - insulator - su- 
perconductor junctions based on bicrystal grain bound- 
ary junctions (GBJs). The temperature and magnetic 
field dependence of the tunneling spectra has been stud- 
ied up to 16 T for the optimum electron doped HTS 
Ndi.ssCeo.isCuO^-j, (NCCO) and Pn.gsCeo.isCuO^-j, 
(PCCO). While above T C (B = 0) no pseudogap fea- 
ture could be observed, below T C (B = 0) a pseudogap 
around the Fermi level is clearly present for magnetic 
fields larger than the resistively determined critical field 
B p c2 . This suggests that similar to the hole doped HTS, 
there is a pseudogap state also for the electron doped 
HTS. However, the presence of a non-uniform supercon- 
ducting state may also be consistent with our observa- 
tions. 

The NCCO- and PCCO-GBJs have been fabricated by 
the deposition of 200 nm thick, c-axis oriented NCCO- 
and PCCO-films on SrTiOa bicrystal substrates using 
molecular beam epitaxy (MBE). Only symmetric, [001] 
tilt bicrystals with misorientation angles of 24° and 36° 
have been used. The thin film deposition has been de- 
scribed in detail by Naito et al. Jl3|]. For bicrystal GBJs 
with a junction area of about 10~ 8 cm 2 a normal re- 
sistance ranging between 0.1 and 5kf2 is obtained fl4) . 
Josephson behavior in NCCO-GBJs has been demon- 
strated recently by Kleefisch et al. 0|. We stress that 
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Figure 1: Conductance vs. voltage of a 24° [001] tilt PCCO- 
GBJ in zero applied magnetic field measured at different tem- 
peratures. 

the observation of Josephson behavior for both NCCO 
and PCCO together with the low in-plane resistivity 
(Pab < 50 /iSlcm at 25 K) of the films, T c values of about 
24 K, and the X-ray data demonstrate that our thin film 
samples are optimum doped, well oxygen reduced, and 
single phase. This is important with respect to the pos- 
sibility of an inhomogeneous dopant or oxygen distribu- 
tion, or the formation of different phases. We note that 
such inhomogeneities are more difficult to be ruled out 
for large bulk single crystals. 

In Fig. |l| quasiparticle tunneling spectra of a PCCO- 
GBJ are shown for temperatures between 4.2 and 28 K 
in zero magnetic field. Very similar spectra are obtained 
for NCCO. The superconducting gap clearly shows up 
in the spectra resulting in a large density of states peak 
at 2 A (6.2 meV for PCCO and 5.8 meV for NCCO at 
4.2 K). We note that the peak value itself corresponds 
to 2A only for a perfectly isotropic s-wave symmetry of 
the superconducting order parameter. Fitting the spec- 
tra to more anisotropic gap structures, larger values for 
A up to 4 meV are obtained depending on the degree 
of anisotropy. Around V = ±10 mV a dip structure 
is observed in the spectra that also has been seen in 
c-axis tunneling in I^Si^CaC^Os+s ||. So far it is 
not clear whether this dip structure indicates strong cou- 
pling of the quasiparticles to collective excitations (as e.g. 
phonons). Fig. [j] shows that the states in the supercon- 
ducting gap are filled up with increasing temperature. 
While for NCCO almost no change of the peak position 
is observed with increasing temperature, for PCCO there 
is a slight reduction. However, this reduction is much 
smaller than expected for A(T) according to BCS-theory. 
The gap structure disappears at 24 K which corresponds 
to the T c of the sample. Fig. [l] also shows a temperature 
independent background conductance of the GBJ that is 
parabolic in the low-energy regime, becomes linear for 
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Figure 2: Resistive transition of a Pri.ssCeo.isCuCM-j/ thin 
film sample at different applied magnetic fields. 



voltages above 20-30 mV, and stays about linear up to 
several 100 mV (not shown in Fig. |l|). 

Another way to probe the normal state properties of 
a superconducting sample is to apply a magnetic field 
that is larger than its upper critical field. Following the 
experimental approach of jl5[ |l6) , we have measured the 
magnetic field dependence of the resistive transition of 
a PCCO epitaxial thin film with the magnetic field ap- 
plied parallel to the c-axis. As shown in Fig. ^, in a 
magnetic field of 1 T, the superconducting onset temper- 
ature is reduced and the transition width is increased. 
On further increasing the applied field, Pa^B, T) further 
shifts to lower temperatures, however, no further broad- 
ening of the superconducting transition is observed as it 
is the case e. g. for YBa2Cu307_a. From the data in 
Fig. H one can derive an upper critical field which is re- 
ferred to as the resistive critical field B p c2 (T) . The size of 
B P 2 (T) depends on the chosen resistivity criterion. The 
functional form of B P 2 (T), however, seems to remain the 
same within our experimental resolution (see discussion 
below) . 

Fig. H shows the quasiparticle tunneling spectra for 
NCCO measured at 2.2 K for magnetic fields between 
and 16 T applied parallel to the c-axis. The main effect of 
the applied field is the suppression of the density of states 
peaks at the superconducting gap feature and the filling 
of the gap at smaller voltages. Note that the position 
of the peaks does not change with varying applied mag- 
netic field, however, the peak amplitude decreases with 
increasing field and disappears at B p c2l which is about 
5.6 T at 2.2 K. A key experimental finding is the fact that 
the gap feature itself remains clearly present even for the 
largest applied field of 16 T. This shows the existence of 
a gapped state for B > B p 2 . 

While at 2.2 K the magnetic field needed to close the 
pseudogap feature is beyond the maximum field of 16 T 
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Figure 3: Conductance vs. voltage curves of a symmetric 24° 
[001] tilt NCCO-GBJ measured at 2.2 K in different applied 
magnetic fields applied parallel to the c-axis. 

available in our experiments, this is not the case for 
T > 7K. In this T regime, we can define a pseudogap 
critical field that is sufficient to close the pseudo- 
gap feature. In Fig. ^ we show the temperature depen- 
dence of both B p 2 and B^ 2 . Although there is significant 
scatter in our data due to broadening, it is evident that 
is by a factor of about 4 larger than B p 2 . This ob- 
servation holds for both NCCO and PCCO indicating 
that there is no major difference among these electron 
doped materials arising e.g. from the magnetic moments 
of the Nd 3+ ions in NCCO [jyj. It is interesting to note 
that the functional form of the temperature dependence 
of both critical fields deviates strongly from a BCS-type 
temperature dependence of the upper critical field hav- 
ing negative curvature. The unusual positive curvature 
of B p c2 (T) in Fig. | for NCCO has been also reported by 
p6| , |i~7| |, and, furthermore, has been observed in the hole 
doped HTS Tl2Ba2CuOg+5 |l5). Recent measurements 
of Bi2Si'2CuO x have shown that the curvature depends 
on the chosen resistivity criterion, becoming almost lin- 
ear for a high resistivity criterion as expected for con- 
ventional type-II superconductors Jlq| . For our case, the 
curvature seems not to depend on the chosen criterion, 
however, for large fields and high resistivity criteria the 
evaluation of B p 2 (T) becomes difficult due to the broad- 
ened p{T). 

While for the unusual behavior of B p 2 (T) intrinsic ori- 
gins have been proposed in the context of a quantum crit- 
ical point at T — jl9| and also within a bipolaron theory 
f20f , recently Geshkenbein et al. have suggested that in- 
homogenous superconducting properties (as for example 
due to an inhomogeneous oxygen or dopant distribution) 
can cause the observed positive curvature of B p c2 (T) [^l] . 
In this case one has to assume regions with increased lo- 
cal T c compared to the bulk T c . Since in our case we are 
dealing with homogeneously reduced thin films close to 
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Figure 4: Temperature dependence of the resistive critical 
field B P 2 (full symbols) and the pseudogap critical field B^f 
(open symbols) for different samples of the electron doped 
HTS NCCO and PCCO. The solid lines are guides to the eye. 

optimum doping level, an explanation based on inhomo- 
geneous oxygen or dopant distribution is neither likely 
nor expected to change T c considerably. However, intrin- 
sically non-uniform superconductivity due to e.g. phase 
separation cannot be ruled out. Any further discussion 
of these issues is beyond the scope of this Letter. 

We now address possible origins of the observed quasi- 
particle excitation gap structure observed below T c for 
B P 2 (T) < B < Bgf(T). Of course, it is tempting to 
assume that for electron doped cuprates there is a pseu- 
dogap feature with similar properties as has been ob- 
served for the hole doped HTS. Then, according to our 
data the pseudogap in the electron doped HTS merges 
smoothly into the superconducting energy gap at B p 2 
in analogy to the experimental observation in ||, |(| 
that the pseudogap in the hole doped HTS merges into 
the superconducting gap at T c . Moreover, in both cases 
the density of states peak in the tunneling spectra disap- 
pears at the transition from the superconducting into the 
pseudogap state. We note that a recent c-axis tunneling 
study on Bi2Sr2CaCu20s+5 does not support the merg- 
ing of the superconducting gap and the pseudogap [p2[ . 
A spatially non-uniform superconducting state with re- 
gions having locally higher B c2 than the bulk could also 
produce a gap like behavior in quasiparticle tunneling. 
However, as discussed above it is unclear how such re- 
gions can form within the optimum electron and oxygen 
doped compound. 

We next discuss possible physical interpretations of the 
critical field B^ 2 . Let us first assume that B^ 2 is close 
to the thermodynamic critical field B C 2- Then, extra- 
polating ££f(T) to T = yields B c2 {T = 0) « 30 T. 
Using the relation £ab(0) = ^/$ /27ri? C 2(0), one derives 
£a&(0) ~ 30 A. This value is similar to that obtained 
e. g. for the hole doped HTS Lai. 85 Sr .i5CuO4 but is sig- 
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nificantly smaller than the usual value of about 70 A in 
NCCO A smaller value of £ a b(0) would increase the 
importance of fluctuation effects in the electron doped 
HTS (?]]. However, as can be seen from Fig. ||, in the 
resistivity vs temperature curves the fluctuation regime 
is small and fields slightly above B p c2 are sufficient to 
drive the films onto a weakly field dependent semicon- 
ducting p a b(T) curve. Moreover, the fluctuation analysis 
in |l6| suggests that B p 2 is not identical with the ther- 
modynamic critical field -B C 2, but cannot account for the 
difference by a factor of around four between B p c2 and 
B^- Lastly, we note that recently a very small value 
of £ab ~ 6 — 9 A has been calculated assuming a spin- 
fluctuation pairing mechanism for both hole and electron 
doped HTS |23| corresponding to an even higher value of 

B C 2- 

Finally, at present there is no prediction for the mag- 
netic field dependence of the pseudogap even in the hole 
doped case. Assuming that the pseudogap is caused by 
the existence of so-called preformed pairs, the pseudogap 
state should be destroyed in magnetic fields exceeding the 
Clogston paramagnetic limit [|4| Bp = A/ \/2fiB ■ Tak- 
ing into account corrections for a possible rf-wave symme- 
try (B P w 0.52A/n B H), one obtains B P » 30 - 40 T 
using A « 3.5 meV obtained from our tunneling mea- 
surements. This value coincides well with B^ 2 (T = 0). 
However, one would then also expect B^ 2 (T) cx A(T) 
what is not supported by our data. In order to further 
clarify the experimental situation as well as to bring more 
insight into the nature of the superconducting and, in 
particular, the possible pseudogap state in the electron 
doped HTS, more measurements at lower temperatures, 
higher fields, and for different electron doping levels, es- 
pecially for the under(electron)doped case, are required. 

In conclusion, tunneling spectroscopy performed on 
bicrystal GBJs has revealed a pseudogap feature in the 
low-energy quasiparticle excitation spectrum of the elec- 
tron doped HTS NCCO and PCCO. The pseudogap fea- 
ture evolves from the superconducting gap in applied 
magnetic fields above the resistive critical field B p c2 and 
vanishes at a four times higher field B^ 2 which is close 
to the Clogston limit. These experimental observations 
suggest the existence of a pseudogap state also in the 
electron doped HTS. The further clarification of the pseu- 
do : 
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